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PREFACE 

This r e p o r t  desc r ibes  a seven-month program sponsored by NASA- 

Goddard Space F l i g h t  Center t o  des ign ,  cons t ruc t ,  and t e s t  a 

ca lor imeter  capable of measuring the thermal output of 20 am- 

pere hour and 100 ampere hour sea led  nickel-cadmium c e l l s  

while experiencing simulated s p a c e c r a f t  load cyc l ing .  The de- 

s ign  ob jec t ives  were met and the  ca lor imeter  has been i n s t a l l e d  

a t  NASA-Goddard. The Contract No. w a s  NAS5-21514. The techni- 

c a l  monitor f o r  t h i s  c o n t r a c t  w a s  Mr. W i l l i a m  H. Webster, Jr. 
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INTRODUCTION 

Several anticipated satellite launching programs require a knowledge of 

the heat generated by different types of nickel-cadmium batteries during 

charge-discharge cycles. The information will be used to help optimize 

radiator and heat exchanger designs in the satellites. Since the mechan- 

isms of the reactions in nickel-cadmium cells during charge and discharge 

are not well defined, it is impossible to make theoretical predictions of 

heat effects resulting therefrom, and it is necessary to determine the 

values experimentally. However, the nature of the calorimetry required 

to obtain the information that is required is somewhat unusual in that it 

is necessary to measure the heats over a succession of charge-discharge 

cycles, and the heat generation is expected to be relatively large. Con- 

ventional calorimetric techniques, adiabatic o r  isoperibolic, cannot be 

applied, and apparatus unique to the needs of the satellite programwas 

designed and constructed. This program is concerned with the design, con- 

struction, and delivery of the appropriate calorimetric apparatus. 

The specific objectives of this program are the design of  a calorimeter 

capable of measuring the thermal output of sealed nickel-cadmium cells of 

20 and 100 ampere-hour (A-€1) capacity, The calorimeter must be capable of mea- 
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sur ing  thermal e f f e c t s  of a t  l e a s t  25 w a t t s  when used wi th  the  100 A-11 

c e l l  and a t  l e a s t  5 w a t t s  when used wi th  the  20 A-I1 c e l l .  The calor imeter  

must measure the  thermal output  of each c e l l  wi th  3% accuracy and 1% r e -  

so lu t ion  over a temperature range between -10 C and +40 C. 

t o  a change oE tlierm.21 output must no t  exceed f i v e  minutes and the  i n s t r u -  

The response 

ment must remain s t a b l e  t o  a t  l e a s t  1% of the  thermal capac i ty  of the  

calor imeter  over a 24-hour per iod.  The calor imeter  must a l s o  permit 

cur ren ts  of a t  l e a s t  50 amperes t o  f low through the  c e l l s  being measured. 

These objec t ives  were met and the  calor imeter  has been i n s t a l l e d  and 

accepted a t  NASA-Goddard Space F l i g h t  Center.  



THEORY 

Af te r  cons idera t ion  of  a number of  types o f  ca lor imeters ,  t he  design which 

appeared t o  be m o s t  s u i t a b l e ,  based on the  c r i t e r i a  of  s e n s i t i v i t y ,  versa-  

t i l i t y ,  ease and r a p i d i t y  of  cons t ruc t ion ,  and c o s t ,  was  a conduction h e a t  

f l o w  ca lor imeter .  

A hea t  P low ca lor imeter  is designed s o  t h a t  t he  thermal leakage modulus 

i s  as high as poss ib le .  I t  may be operated t o t a l l y  i so thermal ly  o r  under 

condi t ions very c lose  t o  i so the rmic i ty .  I n  our design,  a cons tan t  thermal 

head i s  e s t ab l i shed  between an e l e c t r i c a l l y  heated ca lor imeter  and an i s o -  

tliermal hea t  s i n k ;  the  change i n  hea ter  power needed t o  maintain t h i s  head 

gives  a d i r e c t  measure of t he  hea t  evolved o r  absorbed wi th in  the  c a l o r i -  

meter.  This  approach i s  similar i n  p r i n c i p l e  t o  t he  s u b s t i t u t i o n  method 

used on modern a n a l y t i c a l  balances.  
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The heat flow calorimeter constructed is composed essentially of a calori- 

meter vessel, thermally isolated from its surroundings in all directions 

but one, a heat sink maintained at a constant temperature considerably 

lower than that of the calorimeter, and a copper conductor connecting the 

two. A heater winding in the calorimeter near the junction with the con- 

ductor and the calorimeter is supplied with sufficient power automatically 

to maintain the calorimeter at a constant temperature. Thermal effects 

taking place in the calorimeter will result in an adjustment in power re- 

quired to maintain the thermal head. These changes in power level are 

equal to the heat liberated o r  absorbed in the calorimeter. 

Schematically, the method can be analyzed as follows: 

A 17 
T1 + T2 

Heat Source Heat Sink 
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The equation (Ref. 1) for steady state heat flow (W,) in a rod of constant 

cross sectional area between two bodies, A and B, one acting as a heat 

source at T 

change along AX, is 

and the other as a heat sink at T19 and with no heat ex- 2 

T2 - T1 
AX WT = k A  

where A is the cross sectional area normal to the direction of heat flow, 

and k is the mean thermal conductivity between T 

distance between the heat source and the heat sink. At any location along 

the rod connecting the source and sink,the law of heat exchange (heat in = 

heat out) must be obeyed. This principle may be applied in a heat flow 

calorimeter in the following manner: Let A be a calorimeter, surrounded 

by an adiabatic jacket so that no heat is exchanged with the surroundings 

except through the solid conductor, and W 

must be supplied to maintain the temperature T 

be a liquid at its boiling point where its heat vaporization serves to 

hold temperature constant. 

and T19 and AX is the 2 

be the amount of heat which A 
The heat sink (T1) might 2" 

At steady state WA = WT (2) 

The total. input power (W,) can be considered to be made up oP a number of 

components, WE' WB9 WL9 and Wc (all oP which may not he applicable at one 

time). 
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where : 

WE = head added electrically to maintain T constant 

Wu = 

WL = 

2 

heat evolved ( o r  absorbed) by the cell being studied 

heat input o r  loss due to heat leakage with the 
surroundings 

Wc = heat introduced by a calibration heater 

Since W is a constant as long as the thermal head is maintained, heat 

evolved o r  absorbed by the battery is compensated by changes in the elec- 

trical input ( W E ) .  It is not necessary that W be known as long as it is L 

constant . 

A 

H- 84 6 8 
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DESCRIPTION OF T I E  CALORIMETIB 

GENERAL DESCRIPTION 

The ca lor imeter  comprises three main un i t s :  an upper por t ion  which 

surrounds the  ca lo r ime t r i c  u n i t  wi th  an a d i a b a t i c  s h i e l d  and vacuum jacke t ;  

the  ca lo r ime t r i c  u n i t  cons i s t ing  p r i n c i p a l l y  of a pressur ized  s h e l l ,  a 

c e l l  support  s t r u c t u r e ,  and a copper rod,  

Prom tlle ca lo r ime t r i c  u n i t  t o  a f inned  su r face  immersed i n  

bo i l ing  l i q u i d  n i t rogen;  and a lower u n i t  which surrounds the  copper rod 

and minimizes i t s  h e a t  exchange w i  tli  the  surroundings.  

which conducts the  l ieat  

CALORIHETI'IB VESSEL 

Phys i ca 1 Des c r  i p t i on 

The ca lor imeter  i s  s i zed  t o  conta in  c e l l s  whose maximum body dimensions 

a r e  7.56 inches square by 2.25 inches thick.  I f  t he  te rmina ls  a r e  both 

on  the same s i d e ,  the  t o t a l  length niag be 8.125 inches.  Ce l l s  w i th  

opposing te rmina ls  may be a maximum of 8.75 inches end t o  end, Sealed 

nickel-cadmium c e l l s  genera te  gas during charging which r equ i r e s  t h a t  

the  s i d e s  of t h e  c e l l  be r e s t r a i n e d  i n  some manner t o  prevent  t h e i r  bowing 

out .  The normal precedure is  t o  clamp the  c e l l  between heavy s t e e l  o r  

aluminum p l a t e s  during charging operat ions.  During the  design phase of 
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t h i s  program, it was  determined t h a t  the m a s s  of t he  cons t ra in ing  p l a t e s  

might s e r i o u s l y  reduce the  s e n s i t i v i t y  of t he  calorimeter, and a l t e r n a t i v e  

methods f o r  r e s t r a i n i n g  the  c e l l  were sought. The s o l u t i o n  was  found i n  

making the  ca lor imeter  a pressure  ves se l  and p res su r i z ing  it t o  60 p s i .  

This pressure  i s  s u f f i c i e n t  t o  exceed t h e  pressure  buildup wi th in  the  

c e l l  and keep the  s i d e s  of t he  c e l l  from bowing out.  

Pressure  Vessel 

The outer  s h e l l  of t h e  ca lo r ime t r i c  u n i t  se rves  as t h e  pressure  ves se l  

and i s  i n  the  form of an ob la t e  spheroid formed from two aluminum a l l o y  

d ishes  jo ined  a t  t h e  equator by a f l ange  containing an 

Figure 1 i s  a photograph o f  t he  outer  s h e l l .  The diameter of the d i s h  i s  

12 inches and the  he ight  of each ha l f  is  3 inches.  The diameter of t he  

f lange  i s  t h i r t e e n  and 1/8 inches e A groove f o r  a Parker  No e 2-278 t r O t t  

r i n g  i s  machined i n  t h e  f l ange  of t h e  lower half  s h e l l .  The s h e l l  i s  

made of  0.050 inch 6061-T6aluminum a l l o y  and i s  designed t o  operate under 

a f i v e  atmosphere pressure  d i f f e r e n t i a l .  The w a l l  th ickness  requi red ,  as 

ca l cu la t ed  by the Boi le r  and Pressure  Vessel  Code of t h e  ASME assuming a 

20 KSI y i e l d  s t r e n g t h ,  i s  only 0.022 inches.  The t t O t t  r i n g  f langes  a r e  

a l s o  made of 6061-T6 aluminum a l l o y .  Th i r ty - s ix  10-32 machine screws on 

a 12-11/16 

r i n g  s e a l .  

inch  b o l t  c i r c l e  j o i n  the  two halves.  The ex te rna l  sur faces  of the 
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s h e l l  were pol ished and e l e c t r o p l a t e d  wi th  gold over a n i cke l  undercoat. 

A 3/4 inch diameter opening i n  the bottom ha l f  s h e l l ,  provided f o r  t h e  

l ieat  conducting rod and e l e c t r i c a l  leads t o  pass out  of the pressure 

v e s s e l .  The opening i s  sea led  wi th  an "0" r i n g  compression s e a l  and f a s -  

tened wi th  8-32 m.achine screws on a 1-3/32 inch b o l t  c i r c l e .  

t he  passthrougil a r e  contained i n  a l a t e r  s e c t i o n ,  A s t a i n l e s s  s t e e l  

needle  valve used f o r  f i l l i n g  and p res su r i z ing  t h e  v e s s e l  is  loca ted  on 

the  f l ange .  See F ig .  2 f o r  d e t a i l s .  

D e t a i l s  of 

- Calorimetric Unit 

In s ide  the s h e l l  is a ca lo r ime t r i c  u n i t  cons i s t ing  of a square t r a y  of 

s i l v e r  which conta ins  t h e  c e l l  under t e s t ,  a c e l l  support  platform, and 

an e lec t rode  which i s  separa ted  e l e c t r i c a l l y  from t h e  t r a y  by a shee t  of 

0.0025 inch t l i ick MYLAR. Below the  c e l l  support  platform, and s i l v e r  

so ldered  t o  it, i s  a s i l v e r  cas t ing .  This cas t ing  i s  s i l v e r  so ldered  t o  

t he  copper rod which conducts t he  h e a t  t o  t he  hea t  s i n k  i n  the  l i q u i d  

n i t rogen  bath a t  the  bottom of t h e  ca lor imeter .  

Each of the components described, except t h e  t r a y ,  i s  formed from two halves 

whicl; a r e  joined toge ther  a t  the cen te r  l i n e  w i t h  epoxy, with a piece of 
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PIYLAH. i n  between, T l i i s  w a s  done s o  t h a t  the  copper rod-support platform 

can be used t o  c a r r y  t h e  cu r ren t  f o r  cyc l ing  the c e l l s .  One ha l f  se rves  

as the  p o s i t i v e  conductor and the o ther  half  is  t h e  negat ive conductor. 

F igure  3 i s  a c ross  s e c t i o n  of the  ca lo r ime t r i c  u n i t  showing the  p e r t i n e n t  

dimensions. F igu re  4 i s  a qua r t e r  s e c t i o n  cutaway view of t he  c a l o r i -  

meter which shows the  ca lo r ime t r i c  u n i t  i n  perspec t ive  wi th  the  remainder 

of the ca lor imeter .  

The c e l l  support  platform measures 7.212 inches on a s i d e  and i s  made i n  

two halves from f i n e  s i l v e r  p l a t e  0.125 inches th i ck .  The c e l l  platform 

halves  serve as e l e c t r i c a l  conductors and have tabs  t o  br ing  t h e  b a t t e r y  

charging c u r r e n t  t o  t he  c e l l  e l ec t rodes .  The t abs  0.875 inches wide a r e  

formed from t h e  same s h e e t  of s i l v e r  by extending the  shee t  ou t  one inch 

and bending upward t o  0.875 inch. A s l o t  is  mi l led  i n t o  the t a b  t o  accept  

a No.  10 b o l t  f o r  attachment t o  t he  c e l l  e lec t rode .  Two such s l o t s  a r e  

loca ted  ~ 1 . ~ 2 5  inches i n  cen te r s  a t  one end of the  p la t form f o r  use wi th  

c e l l s  having both e l ec t rodes  a t  the  same end. Tabs a r e  loca ted  i n  the  

c e n t e r l i n e  of t h e  opposi te  s i d e s  of the platform t o  be used wi th  c e l l s  

having opposing e l ec t rodes .  One t a b  of each type is loca ted  on each half  

of the  platform. 
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Located d i r e c t l y  below the  support  p l a t f o q a n d  extending up through a 1 ,50  

inch hole  i n  i t ,  i s  a s p l i t  s i l v e r  cy l inder  1.929 inches i n  diameter 

and t w o  inches long which t ape r s  t o  0.625 inches diameter a t  the  bottom. 

This cyl inder  serves  as a funnel  f o r  the  hea t  f low from the  support  p l a t -  

form to  tlie copper h e a t  conduction rod.  The main cont ro l  hea t e r  and the  

c a l i b r a t i o n  hea te r  a r e  located i n  the  top  quar te r  of an inch and the  ther -  

mis te r  is loca ted  i n  a wel l  near the  bottom (see  F ig .  4 ).  The cy l inder  

was  made by cas t ing  an overs ize  cy l inde r ,  c u t t i n g  i t  i n  half ,  and s o f t  

so lder ing  tlie t w o  halves toge ther .  The joined halves were machined t o  

f i n a l  s i z e  and separated by melting the  so lde r .  Each halP cy l inder  was  

s i l v e r  soldered t o  one of t he  halves of the  c e l l  support  p l a t e .  The copper 

hea t  conduction rod w a s  formed by so lder ing  the  two ha l f  s ec t ions ,  machining 

t o  f i n a l  dimensions,and separa t ing  the  f i n i s h e d  halves by melting the  s o f t  

so lde r .  The copper half  cy l inders  were then joined t o  the  s i l v e r  ha l f  cy- 

l i n d e r s  with s i l v e r  so lde r .  The f l a t  s ides  of the  ha l f  cy l inders  were 

cleaned of a l l  bur rs  and lapped u n t i l  siiiooth, The metal sur faces  were then 

given a t h i n  coa t  of DC 991 S i l i cone  Varnish,  coated wi th  an epoxy made of a 

50-50 weigllt percent  mixture of S h e l l  Epon 828 and Versamid 125, and joined togetl ler 

a f t e r  a shee t  O P  0,00025 inch th i ck  MYLAR w a s  i n se r t ed  between them. The 

pieces  were clamped toge ther  and cured € o r  three days. 

tance between tlie joined pieces  w a s  g r e a t e r  than 20 megolms. 

The i n s u l a t i o n  r e s i s -  



The diamptw and length of t i te  hea t  coilduction rod were designed t o  pro- 

v ide  a hea t  Elow of  about 31 w a t t s .  The hea t  conduction rod,  a f t e r  leaving 

the ca lor imeter  ves se l ,  pzsses  through an opening i n  t h e  ad iaba t i c  s h i e l d ,  

tllrougli a Conax Model EGT-500 l o w  temperature e l e c t r i c a l  i n s u l a t i n g  s e a l  

a t  tl;e bottom of the lower u n i t 9  and e n t e r s  a l i qu id  n i t rogen  bath where 

it d i s s i p a t e s  i t s  hea t  tlirougi, f i n s .  Two half  cy l inde r s  of one and a half  

inc:, diameter copper, two inches long, containing n ine  5/8-inch long f i n s  

a r e  clamped t o  the  lower two inciies o f  tlie copper rod wi th  8-32 machine 

screws in su la t ed  from the  opposing cy l inder  w i th  nylon s leeves .  The elec-  

t r i c a l  connection f o r  t h e  b a t t e r y  charging c i r c u i t  a r e  made a t  8-32 tapped 

holes  i n  the  bottom of t h e  ha l f  cy l inde r s .  The Conax s e a l  ' is of Teflon and, 

because Teflon has a low temperature t r a n s i t i o n  which causes a cont rac t ion ,  

i t  i s  necessary t o  remove the  l i q u i d  n i t rogen  ba th  and r e t i g h t e n  the  s e a l  

a f t e r  each cooldown from room temperature . 

S i t t i n g  on the c e l l  support  platform,  and separated from it by an epoxy 

and MYLAR j o i n t  made i n  the  same manner as descr ibed previously,  is  a s i l -  

ve r  t r a y  7.6 inches on a s i d e  and made of 0.020 inch shee t .  The c e l l  

being t e s t ed  l i e s  f l a t  on t h e  t r ay .  A s m a l l  amount of s i l i c o n e  o i l  on 

tlie t r a y  i s  used t o  enhance thermal cowtact between t h e  c e l l  and the  t r ay .  

The tl.in layer  of MYLAR and epoxy e f f e c t i v e l y  i n s u l a t e s  the  t r a y  e l e c t r i -  

c a l l y  f r o m  the  vol tage  on t h e  c e l l  support  s t r u c t u r e  b u t  hinders  h e a t  f l o w  
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only s l i g h t l y  because of the  la rge  con tac t  a r ea .  

5 shows t h i s  t r a y  and t h e  i n t e r i o r  of t he  ca lor imeter .  

The pliotograpli of F ig .  

The ca lo r ime t r i c  u n i t  i s  supported i n  the  ca lor imeter  by four  bracke ts  of 

0.125 inch s i l v e r  which a r e  soldered t o  t h e  c e l l  support  s t r u c t u r e  near  

t h e  corners .  The bracke ts  a r e  fas tened  w i t h  nylon b o l t s  t o  t abs  on an 

aluminum r i n g  which r e s t s  i n  a r eces s  machined from the  inner  edge of the 

upper and lower f l anges .  Teflon tape  wi th  an adhesive backing i s  used t o  

provide e l e c t r i c a l  i n s u l a t i o n  between the  tabs  and t h e  brac,kets.  

A nylon e l e c t r i c a l  passthrough is  loca ted  a t  the  bottom of the  lower half  

of  the  pressure  ves se l .  The passthrough i s  a t tached  permanently t o  t he  

copper conduction rod wi th  epoxy and may be considered a p a r t  of t he  c a l o r i -  

met r ic  u n i t .  S ix teen  e l e c t r i c a l  leads a r e  brought ou t  of t h e  calor imeter  

through t h i s  passthrough. The leads a r e  loca ted  i n  a 0.625 inch diameter 

c i r c l e  c l o s e l y  surrounding the  copper rod. The leads f o r  t h e  hea te r s  a r e  

B&S #20 copper conductor t o  reduce s e l f  hea t ing  and t h e  remainder a r e  Am- 

phenol No. 220-SO1 female Micro-Miniature Poke-Home Contacts.  I d e n t i c a l  

contac ts  a r e  provided i n  the  in s ide  of t he  passthrough s o  t h a t  removal o r  

change of wir ing i s  f a c i l i t a t e d .  The contac ts  a r e  imbedded i n  epoxy. Gas 

leakage i s  prevented by an r'Orr r i n g  s e a l  between the  passthrough and the  
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pressure  v e s s e l .  

nylon p a r t .  A n  aluminum backing r i n g  i s  used on the  outs ide  of t he  pressure  

ves se l  s o  t h a t  t igh ten ing  s i x  8-32 machine screws provides a uniform 

clamping pressure  between t h e  pressure  v e s s e l  and the  t t O t l  r i n g .  A l l  com- 

ponents of t he  pressure  v e s s e l  were checked f o r  leaks wi th  a helium mass 

spectrometer type leak  de tec to r .  

A groove f o r  t he  AN 6227-25 l t O t t  r i n g  i s  machined i n  the  

Thermal Design 

The s e n s i t i v i t y  and response time OP the  ca lor imeter  depend on the  thermal 

mass of t he  ca lor imeter  and the  thermal d i f f u s i v i t y  of the  ma te r i a l s  of 

construction*. 6061-T6 aluminum a l l o y  and f i n e  s i l v e r  a r e  used through- 

out  the  ca lor imeter  t o  reduce thermal g rad ien t s  and t o  reduce the  time 

cons tan t .  Aluminum has about t he  same thermal mass/cc of metal as s i l v e r ,  

bu t  i t s  thermal conduct iv i ty  i s  ha l f  t h a t  of s i l v e r .  The thermal mass f o r  

the  empty ca lor imeter  i s  ca l cu la t ed  t o  be approximately 350 cal/deg. The 

d e t a i l s  of t he  c a l c u l a t i o n  may be found i n  the  r e p o r t  of the design s tudy 

phase of t h i s  program (Ref. 2 ) .  

* The s e n s i t i v i t y  of t he  ca lor imeter  i s  equal t o  the m i n i m u m  amount of hea t  
t h a t  can be added t o  t he  ca lor imeter  before  the  r e s u l t i n g  r i s e  i n  
temperature can be de tec ted .  
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ADIABATIC SHIELD 

The ca lor imeter  is  surrounded by an ad iaba t i c  s h i e l d  of copper. The s h i e l d  

c o n s i s t s  of a 14-inch cy l inde r  of 0.065 inch w a l l  th ickness  and top and 

bottom p l a t e s  of 0.125 inch thickness .  A t h i n  wash of gold i s  e l ec t ro -  

p l a t e d  t o  the  inner  su r faces  t o  provide a reproducible  and t a r n i s h  r e s i s -  

t a n t  su r f ace  OP l o w  emmisivity. The ca lor imeter  i s  supported i n  fou r  

places  by 20 pound t e s t  nylon f i s h  l i n e  wi th  an ad jus t ab le  swivel 

connected t o  a r i n g  loca ted  near  t he  top  of the  c y l i n d r i c a l  s h i e i d .  Se- 

pa ra t e  hea t ing  elements of 100 w a t t s  r a t i n g  each were cemented t o  t he  top ,  

s i d e  and bottom su r faces  of t he  ad iaba t i c  s h i e l d .  The hea t ing  elements 

a r e  made of r e s i s t a n c e  wi re  wound non-conductively and surrounded by a 

t h i n  shee t  of s i l i c o n  rubber .  

f i l m ,  Inc .  The top  and bottom a r e  t h e i r  p a r t  No.  112057-B. The s i d e  hea te r  

The h e a t e r s  were custom made by Electro-  
H 

is  p a r t  No. 112241, The m a s s  t o  be con t ro l l ed  is  matched t o  tlie hea t e r  

windings s o  t h a t  equal power input  w i l l  r e s u l t  i n  n e a r l y  cons tan t  su r f ace  

temperatures.  Copper-constantan d i f f e r e n c e  thermocouples a r e  connected 

between the  ca lor imeter  and the top,  s i d e ,  and bottom oE the ad iaba t i c  

s h i e l d  t o  sense temperature d i f f e rences  which w i l l  be cor rec ted  by t h e  

s h i e l d  heaters*.  The a d i a b a t i c  s h i e l d  is supported above tlie base p l a t e  

* The tl ermocouples a r e  e l e c t r i c a l l y  in su la t ed  from tlie con tac t  su r f aces ,  
3c* Electrof  i l m ,  Inc .  7116 Laurel Canyon, North Hollywood, Calif  e 91605 
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by a r i n g  of Micart,a r e s i n  impregnated r ab r i c .  A photograph OP the  c a l o r i -  

meter surrounded by a po r t ion  of t he  a d i a b a t i c  s h i e l d  is shown i n  F ig .  6 .  

VACUUM CIIAMBER AND O U T E R  JACKET 

The ca lor imeter  v e s s e l  and ad iaba t i c  s h i e l d  a r e  surrounded by a 0.125 inch 

th i ck  aluninum cyl inder  16 inches i n  diameter which serves  as a vacuum 

jacke t .  

th ick .  The t o p  and bottom p l a t e s  a r e  f a s t ened  t o  t he  cy l inder  by s ix  

8-32 mschine screws. Grooves i n  the top  and bottom p l a t e s  conta in  t h e  

2-278 s i z e  "0" r i n g s  used t o  a f f e c t  t h e  vacuum s e a l .  Aluminum cool ing 

c o i l s  a r e  so ldered  on the  top ,  s i d e ,  and basep la t e  t o  provide a means of 

cool ing the  chamber. The outs ide  of the  vacuum jacke t  i s  in su la t ed  wi th  

a 2-1/2 inch t l ' i ck  l aye r  of l o w  d e n s i t y  polurethane foam obtained by 

s tacking  2-3: inch r ec t ang le s  of  t he  foam w i t h  a s ix t een  inch cen te r  ho le .  

The t o p  and bottoni p l a t e s  of  6061 aluminuni a l l o y  a r e  0.50 inch 

The lower vacuuin u n i t  i s  a double wal led cy l inde r  of 0.015-0.020 inch 

th i ck  s t a i n l e s s  s t e e l  which provides a vacuum around t h e  hea t  conducting 

rod.  Addit ional  p ro tec t ion  f r o m  changes i n  r a d i a t i v e  h e a t  exchange a r e  

provided by a &inch long brass  cy l inde r  which i s  threaded i n t o  the  bottom 

of  the lower u n i t  and extends upward t o  t he  v i c i n i t y  of the  base p l a t e ,  
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The u n i t  i s  t r i p l e  wal led wi th  vacuum space between s o  that changes i n  

l i q u i d  n i t rogen  l e v e l  w i l l  have a minimal e f f e c t  on t h e  temperature of 

the inner w a l l .  This is done t o  improve t h e  constancy of h e a t  t r a n s f e r  

between the  h e a t  conducting rod and the  w a l l s  surrounding it. Calcula- 

t i o n  of t he  r a d i a t i o n  h e a t  t r a n s f e r  and t h e  e f f e c t  of ambient temperature 

changes were included i n  an e a r l i e r  r e p o r t  (Ref e 2). A vacuum pump ou t  p o r t  i s  

loca ted  i n  the lower u n i t .  Figure 7 i s  a photograph of t h e  lower u n i t  

sllowing a l s o  t h e  h e a t  exchange f i n s  a t t ached  t o  t h e  h e a t  conduction rod. 

F igure  8 i s  a c ross  s e c t i o n  of t he  lower u n i t .  

The ca lor imeter  i s  mounted on a s tu rdy  U n i s t r u t  t a b l e  measuring 36 x 24 x 

30 inches high wi th  an aluminum top. A hinged p la t form t o  support  a 5 

l i t e r  dewar, conta in ing  the  l i q u i d  n i t rogen  needed t o  maintain the  h e a t  

s i n k , i s  loca ted  beneath t i i e  t a b l e .  The e l e c t r i c a l  wi r ing  i s  brought t o  

t he  outs ide  of t he  ca lor imeter  through an opening i n  the  base p l a t e  and 

terminates a t  a Bendix RD414-1009-0063 mul t i  p in  hermetic s e a l  loca ted  

a t  the r e a r  of t he  ca lor imeter .  
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ELECTRICAL !!EASUR= AND CONTROL 

The temperature of the calorimeter vessel is measured by means of a ther- 

mister inserted in a 0.062 inch diameter re-entrant well, 1-inch deep in 

tl:e split silver cylinder that serves as a base for the cell platform 

(see Fig. 3 ) .  

platform and 1/8 inch from the center of tlie silver cylinder. A tempera- 

ture gradient, between the tl.ermister head and the cell support platform, 

The thermister head was located one inch below the cell 

will exist depending upon the total heat flow from the calorimeter vessel. 

This temperature difference was calculated by means of a computerized heat 

transfer program (Ref. 2) and determined to be 2 degrees at 25 watts heat 

flow and 2 . 5  degrees at 3 3 . 5  watts. These heat flows are the extreme values 

for the operating temperature range of the calorimeter. 

The thermister serves as one arm of a 2,000 ohm Wheatstone bridge (Fig, 9). 

The two fixed arms are a mstched pair (matched to 0.1 ohm) o f  2,000 ohm 

wire wound precision resistors, The bridge is balanced by means of a 6 

decade resistance box (Electro Scientific Industries Model DS625A) with 

a resolution of 0.1 ohm and an accuracy of 0.01 percent. The bridge is 

powered by a mercury cell. 
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The tl iermister (Fenwall Model GB32M62) is  a nominal 2,000 ohms - + 0.2% a t  

25 C .  

-10 C ,  0 C ,  25 C ,  and 40 C and compared wi th  the r e s i s t a n c e  of a L&N Model 

8163 platinum r e s i s t a n c e  thermometer which was c a l i b r a t e d  by t h e  Nat ional  

Bilreau of Standards.  The r e s i s t a n c e  w a s  measured by the  cu r ren t  and po- 

t e n t i a l  method. 

l i n e  9180-B potentiometer toge ther  w i t L  a Gui ld l ine  9790 d-c microvol t  ampli- 

f i e r  and a s t r i p - c h a r t  recorder .  

t o  0.05 kv. The thermometer cu r ren t  i s  suppl ied by a N o r t h  H i l l s  CS-11 

cons tan t  cu r ren t  source.  A l l  p o t e n t i a l  and r e s i s t a n c e  measurements a r e  re-  

f e r r e d  t o  s tandards o r  devices  c a l i b r a t e d  by the  Nat ional  Bureau of Stan- 

dards .  The t i t e rmis te r  w a s  a t tached  t o  t he  platinum r e s i s t a n c e  thermometer 

and both were immersed d i r e c t l y  i n t o  the  appropr ia te  temperature ba ths .  

A semi-logarithmic p l o t  of t h e  r e s i s t a n c e  vs temperature i s  contained i n  

F ig .  10. The r e s i s t a n c e  of t h e  t l iermister i s  9261.4, 5776, 3710, 2094.2, & 1129.2 

ohms a t  -10, 0 ,  10, 25, and 40 C ,  r e spec t ive ly .  Resis tance a t  o ther  tem- 

pera tures  may be ca l cu la t ed  from t h e  manufacturers s tandard R/R 

I t s  r e s i s t a n c e  w a s  measured a t  the  t r i p l e  p o i n t  of water and a t  

Thermometric p o t e n t i a l  measurements a r e  made wi th  a Guild- 

The smallest c h a r t  d i v i s i o n  was made equal 

curves.  
0 

POWER CONTROL AND M E 4 s U R E W  

The power measuring system maintains the  thermal head by sensing the  tem- 

pera ture  of t h e  s i l v e r  cy l inder  loca ted  i n  the  ca lor imeter  ves se l  and auto- 

ma t i ca l ly  adding o r  removing power from t h e  100.9 olm cont ro l  hea t e r  which 

i s  wound noninduct ively around the  s i l v e r  cy l inder .  Thermal e f f e c t s  o r i g i -  

R-8468 

28 



R-8468 

29 



nat ing  i n  the  nickel-cadmium c e l l  or i n  the  c a l i b r a t i o n  hea ter  w i l l  cause 

a change i n  t h e  power requi red  t o  maintain cons tan t  temperature. 

changes a r e  measured wi th  a watt.meter and recorded. The system i s  shown 

schematical ly  i n  F ig .  11. 

Such 

The output  of the  Wheatstone br idge containing the  thermis te r  i s  m p l i f  i ed  

by a Leeds and Northrup Model 9835-B microvolt  ampl i f i e r  and recorded on a 

zero center  - + 5 b v  recorder  equipped wi th  a L&N Se r i e s  80 3-mode cu r ren t  

ad jus t ing  type cont ro l  u n i t .  This con t ro l  u n i t  provides an output which i s  

used t o  cont ro l  the  d-c power suppl ied t o  the  con t ro l  hea te r  i n  the  c a l o r i -  

meter ves se l .  This power supply may be e i t h e r  a d-c power supply wi th  re -  

mote vol tage  cont ro l  o r  a (lower c o s t )  

r e c t i f i e r  (Loyola Indus t r i e s  Model L2-120-4) wi th  a well-f i l t e r e d  d-c r e c t i -  

f i e r  added (diagram i n  F ig .  12).  Both types of power supply have been used. 

The power supply must be capable of 0 .7  amps a t  70 v o l t s .  

phase s h i f t  type s i l i c o n  cont ro l  

The system,as descr ibed,has  a s e n s i t i v i t y  a t  25 C of 0,001 degrees per  

c h a r t  d i v i s i o n  and con t ro l s  temperature under s teady  s t a t e  and charge 

cyc l ing  condi t ions t o  2 0.0005 degrees.  Addit ional  d i scuss ion  of t h e  per- 

formance of t he  system may be found beginning on page 44. 
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Figure  1 1 .  Block Di m o f  P asurement System 
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Wattmeter 

A high accuracy, precision wattmeter to measure the electrical power 

supplied to the calorimeter heater was designed and built by the Instru- 

mentation Laboratory at Rocketdyne. 

vided as Fig. 13. The wheatstone bridge takes up the left half of the 

panel. The design of the wattmeter is based upon the ohms law relation- 

ship which states that 

A photograph of tLe wattmeter is pro- 

E2 
I Watts = 

where E is the voltage drop across the heater of resistance R e  This de- 

sign has the advantage that only voltage need be measured if the heater 

resistance remains constant. *anohm*, a special alloy developed for high 

precision resistors, has a temperature coefficient of less than 10 ppm 

over the temperature range of -65 to +150 C. The control heater is 

wound noninductively with 100.9 ohms of  B&S No. 30 gauge wire with Formvar 

insulation. 

The wattmeter consists of a ranging section which conditions the input 

voltage to 0-10 volts, an electronic multiplier which squares the voltage, 

* Wilbur Be Driver C o , ,  Newark, New Jersey 
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and a signal conditioning section which adjusts the output to a recorder 

and a digital voltmeter. 

has a speciSication of  0.1% on precision and accuracy. This provides an 

ultimate precision of  0 .03  watts in a total of 30 watts. The wattmeter 

is linear to 25% overrange. 

Tlie multiplier is Analog Devices Model 424K and 

The wattmeter has three ranges, 5 ,  25,  and 50 watts, corresponding to 

inputs of 22 .36 ,  5 0 . 0 ,  and 7 0 . 7  volts, respectively. A schematic of the 

wattmeter is shown in Fig. 14. The ranging section, through the use of 

negative feedback around the operational amplifier A and the resistances 

R2 througli R and R30 reduces these voltages to 10 volts. 

may be measured at test point . This voltage is applied to both the X 

1 
This 

8 

and Y inputs of the high accuracy multiplier to accomplish the squaring. 

The multiplier performs the function 

s o  that 10 volts output is obtained f o r  10 volts input to both X and Y. 

This voltage is measured at m. 

The output section contains the operational amplifier which operates 

at unity gain using negative feedback f o r  stability and switches and re- 
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sistors which provide decimal switching and a 0-1 volt signal for the 

digital voltmeter. A ten position 1, 2, 4, 8 attenuator is connected to 

as to provide full range outputs between 9 . 7 6  millivolts and 

10 volts and,when used with tlie offset voltage potentiometer (R21), serves 

to expand a smaller portion of the range for increased resolution when used 

with a recorder. A description of such a use is contained in the following 

example. When operating in the 50 watt range with 50 watts equal to full 

scale on the recorder, the resolution per division is 0.5 watt. I f  it is 

desired to increase resolution to say 0.0625 watts per division, the gain 

can be increased by a factor of 4 by moving the attenuator to three posi- 

tions less attenuation and using the offset potentiometer to keep the sig- 

nal on scale. 

o r  12.5 watts. This is accomplished without any change to the inputs to 

the multiplier. The output signal from the wattmeter always contains a 

resolution of at least 0.05 watts and can be read 'io this resolution f y  a 

four digit voltmeter without altering the attenuator. This is possible 

because of the stability and linearity of  the multiplier unit. 

Full span of the recorder is now approximately 1/4 of 50 

A three-digit bipolar DVM (Digilin Inc. Model 332) is incorporated into the 

wattmeter to provide a visual indication of the wattmeter output. The DVM reads 

directly in watts with a resolution of 0.01 watt when the wattmeter is operating in 
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t he  5 w a t t  range and a r e so lu t ion  OP 0 .1  w a t t  when the  wattmeter i s  opera- 

t i n g  i n  the 25 and 50 w a t t  range. A 1OX output m u l t i p l i e r  range i s  incor- 

porated wliicli increases  the  r e s o l u t i o n  t o  0.01 w a t t  on the  25 and 50 w a t t  

i f  the  o f f s e t  potent iometer  i s  ad jus ted  t o  buck ou t  a l l  bu t  5 w a t t s  equiva- 

l e n t  output vo l t age .  

s e t t i n g  but  a f f e c t s  t h e  p o s i t i o n  of t he  pen on an analog recorder .  In- 

s t r u c t i o n s  f o r  t he  c a l i b r a t i o n  and adjustment of the wattmeter a r e  con- 

t a ined  i n  Appendix A.  

This expansion is independent of  t h e  a t t enua to r  

Ca l ib ra t ion  Heater 

A c a l i b r a t i o n  hea te r  i s  wound on the s i l v e r  cy l inder  d i r e c t l y  below the 

c e l l  support  platform. The hea te r  i s  made of Formvar in su la t ed  B&S #34 

Evanolim r e s i s t a n c e  wire  woundnoninductively. A layer  of 0.00025 inch 

MYLAR f i l m  i n s u l a t e s  t he  wire  f r o m  t h e  s i l v e r  cy l inde r .  The wire  is  

cemented i n  p lace  wi th  General E l e c t r i c  7031 E l e c t r i c a l  I n s u l a t i n g  va rn i sh ,  

Lead wires of Teflon-insulated B&S #30 copper connect t h e  hea te r  t o  t h e  

passthrougli t e rmina ls .  Leads used t o  measure the  p o t e n t i a l  drop across  

the  hea te r  during c a l i b r a t i o n  a r e  loca ted  a t  the ex te rna l  terminal 

connection and a r e  arranged t o  include c u r r e n t  lead r e s i s t a n c e .  I n  t h i s  

manner, a l l  h e a t  generated wi th in  the  ca lor imeter  thermal boundary i s  

measured. The r e s i s t a n c e  of t he  c a l i b r a t i o n  c i r c u i t  i n  t he  ca lor imeter  
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is 100. 12 0 .03  ohms at 25 C .  The calibration was made by the current 

and potential method using a North Hills Model CS-12 precision current 

sourct!, a 0.1 L! standard resistor to measure current, and a Vidar Model 

510 DVM and an ESI Model 330 Portametric voltmeter to measure potential. 

A scheniatic of tlie instrumentation is included in Fig. 11. 

Adiabatic Shield 

A single channel servo system controls the adiabatic shield which insures 

a uniform thermal environment around the calorimeter vessel. Figure 15 

is a block diagram of the adiabatic shield control. The signal from 

either of the three copper-constantan difference tllermocouples located 

between the top, side, and bottom of the adiabatic shield and the calori- 

meter vessel is selected by a rotary switch and fed to a L&N 9835-B micro- 

volt amplifier. The zero center 2 0.5 volt output from tlie amplifier is 

reduced to a maximum of 2 50 mvby a voltage divider serving as a sensi- 

tivity control and biased upward by 50mv 

0-100 niv input (with zero equal to 50m;)to aL&N Model 6261-3220-1-0 Elec- 

tromax signalling controller with proportional band, reset, and approach 

control forms, The control point may be located at any portion of the 

meter scale but is normally operated at 50 mv, The output of the sig- 

nalling controller drives a z1&N 11906-233 pulsating type solid state 

(Fig. 16a), thus providing a 
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power supply. 

transformers connected in parallel (Fig. 16b). These autotransformers 

allow individual adjustment of  the power to the heaters located on the 

outside surfaces of the adiabatic shield sections, One hundred watt 

isolation transformers are located between the autotransformers and the 

heaters. The servo loop automatically maintains one surface at zero 

differential and the autotransformers controlling the other two surfaces 

are used to trim tliem to a zero differential. 

The 0-110 vac signal output is fed to three variable auto- 

The basic sensitivity of the system is such that a half microvolt input 

(0.0125 degrees) signal will cause a full scale indication on the set point de- 

viation meter. The control circuitry will operate t o  maintain the set- 

point to within 5% of this full scale value. 

duced either by reducing tlie gain of the pre-amplifier or by adjusting 

tlie ten turn potentiometer wliich serves as part of the voltage divider 

on the output of the pre-amplifier. The deviation from the set point 

can be readily maintained to less than 0.002 degrees during operation at 

a fixed temperature. 

The sensitivity may be re- 
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E1 ,E:CTItI CAL CONNECT IONS 

The pin i d e n t i f i c a t i o n  f o r  the  passthrouglis a t  the  bottom of tlie c a l o r i -  

meter ves se l  and f o r  t he  mul t ip in  hermetic s e a l  a t  tlie base of the vacuum 

jacke t  i s  contained i n  Appendix B. Appendix C conta ins  the  wir ing  code 

and wire  co lor  i den t i f  i c a t i o n  f o r  the interconnect ing cables  between the  

caloriinc t e r  and the  instrmiientation r e l a y  racks .  Appendix D contains  the 

wire i d e n t i f i c a t i o n  f o r  i n t e r n a l  wi r ing  of the  instrumentat ion r e l a y  rack  

a t  the  NASA-Goddard i n s t a l l a t i o n .  
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ClWWTF&ISTlCS OF THE CBL011TMETER 

Ilea t F 1 ow 

The e l e c t r i c a l  power requi red  t o  mairitain s teady  s t a t e  h e a t  f l o w  i n  t h e  

ca lor imeter  i s  33.0, 3 0 . 3 ,  27.5, 26.3, 25.1 watt,s a t  40, 25, 10, 0 and 

-10 C ,  r e spec t ive ly .  These values correspond t o  t he  maximum exothermic 

r eac t ion  which can be measured a t  t h a t  temperature. 

t ions t o  50 w a t t s  can be measured a t  any temperature. 

Endo 1,lierrnic reac- 

- Uaseline S t a b i l i t l  

The base l ine  s t a b i l i t y  of the ca lor imeter  including the  wattmeter was 

determined by measurement of the constancy of  the  e l e c t r i c a l  power needed 

t o  hold the  temperature of the  ca lor imeter  vesse l  a t  25 C with the  co ld  

end of the heat f l o w  r o d  held i n  b o i l i n g  l i qu id  n i t rogen .  The base l ine  

power l eve l  w a s  found t o  remain constant over a f o r t y  hour per iod t o  

wi th in  0 . 0 3  w a t t s  wi th  3 0 . 3  watts of t o t a l  heat flow. An even more s t r i n -  

gen t  s t a b i l i t y  t e s t  is the r e p r o d u c i b i l i t y  of the base l ine  a f t e r  70 hours 

of e l e c t r i c a l  cyc l ing  the  20 MI and 100 IUI c e l l s .  I n  each case ,  the  base- 

l i n e  was found t o  be i d e n t i c a l  wi th  the s t r i p - c h a r t  recording a t  the  be- 

giririirig o E  tile cyc l ing  tes t ,  ( s e n s i t i v i t y  l d i v  = 0.06 w a t t s ) .  The design 



requirement was a stability of - + 0.05 watts for the 20 AH cell and 

- + 0.25 watts for the 100 AH cell over a 24 hour period. 

Sensitivity 

The sensitivity of the calorimeter to a thermal effect is determ ned by 

the attenuator and the range setting on the wattmeter and ultima ely by 

the sensitivity of the thermister bridge to a change of temperature in 

the calorimeter. At 25 C, the tliermister has a sensitivity of 80 ohms 

per degree of temperature change. This translates to a 0.001 C per divi- 

sion of the recorder controller with the d-c amplifier at highest gain 

The recorder controller rarely deviates more than half of a division. 

The sensitivity per division on the recorder at 40 C ,  25 C ,  0 C and -10 C 

versus amplifier gain are contained in Table 1. 

TABLE 1 

Temperature Resolution of Thermister Thermometer* 

Tempera- Thermis ter Amplifier Range 
ture Sensitivity 50 UV 100 uv 200 WV 500 Lhv 1000 Uv 2000 CbV 

40 C 27 R/deg 0.0022 0,0044 0.0088 0.022 0.044 0.088 

0.010 0.020 0 040 25 C 80 a/deg 0.001 0.002 0.004 

o c  250 a/deg 0.00067 0.0013 0.0026 0,065 0,013 0 026 

-10 c 500 R/deg 0.0004 0.0008 0.0016 0.004 0.008 0.016 

* per division on recorder-controller 
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The power resolution is at least 0.1 wattswhen operating with a full scale 

of 25 watts and is at least 0.03  watts when operating at 5 watts full 

scale on a recorder. 

watt ranges, respectively, exceed the design requirement of 1% resolution. 

If a digital voltmeter is used to read the wattmeter output,a resolution 

of at least 0.03  watts can be obtained on any scale. 

These values, 0.4% and 0.6% of the 25 watt and 5 

Response Time 

The response to a one-watt input to the calibration heater occurs within 

two seconds. The time required for the servo loop to adjust to the new 

power requirement depends upon the settings on the control unit loop. 

For  a one watt change, the average time to the new power requirement is 

less than 15 seconds. For a 25 watt input, the servo loop requires about 

two minutes to stabilize. The response time with a cell installed remains 

approximately the same as f o r  the empty calorimeter. 

meter in each case (proportional band, rate,and reset) is the response of 

the servo loop to the change of demand. 

The limiting para- 

Calibration 

The calorimeter may be calibrated at the start of each experiment by 

noting the deflection of the recorder pen from the base line for known 
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power inputs  i n t o  the  c a l i b r a t i o n  hea te r .  The output  i s  l i n e a r  t o  t h e  

r e a d i h i l i t y  of the  s t r i p  c h a r t  and t h e  l i n e a r i t y  of t he  recorder  c i r -  

c u i t r y .  The wattmeter reading is  based on a hea ter  r e s i s t a n c e  of 100.0 

ohms whereas the  hea ter  has a r e s i s t a n c e  of 100.9 ohms. The wattmeter 

reading should be mul t ip l i ed  by a co r rec t ion  f a c t o r  of 0.9911 t o  c o r r e c t  

f o r  t h i s  d i f f e rence .  The l i n e a r i t y  of t he  wattmeter c i r c u i t r y  i s  mea- 

sured t o  be wi th in  0.2% - + l d i g i t  over i t s  range. 

exceed the  design requirements of 3%. 

These r e s u l t s  g r e a t l y  

CHARGE CYCLING OF SEALED NICKEL-CADMIUM SPACE CELLS 

The opera t ion  of tlie ca lor imeter  was checked out  by charge cyc l ing  both a 

100 AII c e l l  and a 20 AH c e l l  a t  25 C f o r  a minimum of  40 cyc les .  

- 100 Ampere Hour C e l l  

The 100 ampere hour c e l l  was manufactured by General E l e c t r i c  and measured 

7.14 by 7.34  by 1.6 inches t h i c k  and weighed about 9 l b s .  I t  w a s  equipped 

wi th  a t h i r d  e l ec t rode  c a l l e d  the  adhydrode. The p o t e n t i a l  across  a 

300 ohm r e s i s t o r  connector between the  adhydrode and the  negat ive t e r -  

minal of t he  c e l l  i s  r e l a t e d  roughly t o  t h e  oxygen pressure  wi th in  t h e  

c e l l .  
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Preparntioti  f o r  Cycling. 

must be coriditioned before  use.  Tlie c e l l  is clamped between 0.375 inch th i ck  

aluminum p l a t e s  and charged f o r  16 :iours a t  10 amperes Followed by a d i s -  

clmrge t o  0.97 v o l t s  a t  50 amperes. The discharge takes  about 3 hours .  

T1.e c e l l  i s  removed f r o m  the p l a t e s  arid prepared f o r  the  calor imeter  by 

wrappirig 5-iialP inch wide s t r i p s  of copper f o i l  backed wi th  a conducting 

The 100 ampere h o u r  c e l l  i s  s t o r e d  uncharged and 

adhesive (Scotch E l e c t r i c a l  Tape N o .  X-1181 ,  3MCo) around the c e l l .  

purpose of t he  P o i 1  i s  t o  enhance the  f low of hea t  generated a t  the  upper 

su r face  t o  t he  hea t  conducting t ray  tliereby reducing upper sur face  tempera- 

t u r e  and increas ing  thermal response.  Thi r ty-s ix  m l  of DC704 s i l i c o n e  o i l  

were added to  the  t r a y  t o  enhance thermal con tac t  between the  c e l l  and the  

t r a y .  The te rmina ls  on the  c e l l  were connected d i r e c t l y  t o  the  s i l v e r  tabs  

whicli se rve  as e l ec t rodes  wi th  10-32 machine screws. F igure  17 i s  a photo- 

graph of tl:e c e l l  as placed i n  tlie ca lor imeter .  

Tlie 

Af te r  the l i d  t o  the ca lor imeter  was bo l t ed  on, t h e  i n t e r i o r  of the  c a l o r i -  

meter w a s  p ressur ized  t o  5 2  p s i .  The pressure  serves  t o  counter balance 

tlie i n t e r n a l  pressure ,  wilich i s  gerierated witl i in the  c e l l  during charging, 

and t o  maintain the  i n t e r n a l  geometry of  t he  c e l l .  The c e l l  was e q u i l i -  

b ra t ed  a t  25 C f o r  s eve ra l  hours before  i n i t i a t i n g  the cyc l ing  t e s t .  The 

base l ine  hea t  f low was 3 0 . 2  w a t t s .  
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- Thermal E f f e c t s .  

hours followed by discharge f o r  30 minutes a t  50 amperes ( C / 2 ) .  

absorbed hea t  (endothermic) t o  a m a x i m u m  of 0.5 w a t t  during t h e  f i r s t  

seven hours of t h e  charging cycle ,  reversed  i t s e l f  and became increasing- 

l y  exothermic as the charging proceeded. Af te r  15 hours of charging, the 

c e l l  was  r e l e a s i n g  hea t  a t  a r a t e  of 13,5 w a t t s .  During the f i n a l  hour, 

t h e  hea t  r e l e a s e  reduced t o  11.5 w a t t s .  A n  add i t iona l  2.5 w a t t s  of hea t  

was  r e l eased  during the  i n i t i a l  discharge cycle.  

The c e l l  was charged a t  10 amperes ( C / l O )  f o r  s i x t e e n  

The c e l l  

An automatic cyc l ing  u n i t  provided by NASA-Goddard was  used t o  charge the  

c e l l  a t  28.75 - + 0.02 amperes f o r  60 minutes followed by discharge a t  50 

amperes f o r  30 minutes. The charge-discharge sequence was continued f o r  

50 cycles .  The c e l l  vo l t age ,  cu r ren t ,  s i g n a l  e l ec t rode  vo l t age  and thermal 

e f f e c t s  were recorded cont inuously during t h i s  time. 

recorded i n  Table 2. 

the  thermal e f f e c t s  i s  shown i n  F ig .  18. About t h r e e  cyc les  were re-  

quired f o r  t h e  c e l l  t o  s e t t l e  i n t o  a p a t t e r n  which remained e s s e n t i a l l y  

The da ta  taken a r e  

A por t ion  of t he  s t r i p  c h a r t  showing one cyc le  of 

cons tan t  f o r  t h e  remainder of t he  t e s t .  The hea t  generated wi th in  the  

c e l l  i s  only slowly r e l eased  and the  c e l l  remained exothermic during a l l  

por t ions  of t he  cyc l ing .  The peak h e a t  r e l e a s e  during discharge averaged 

8,47 - + 0.07 w a t t s .  During charging, the c e l l  becomes l e s s  exothermic f o r  
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TABLE 2 

CYCLING OF 100 AH CELL 

Cycling Condition: Discharge 30 min a t  50 amps t o  25% depth; 
recharge 60 mine a t  28.75 amps t o  115% charge; 
recharge vol tage upper l i m i t  of 1.48 v o l t s .  

Heat Flow 

Cycle 

1 D  
2c 
2D 
3c 
3D 
4c 
4D 
5c 
5D 
6C 
6D 
7c 
7D 
8 C  
8D 
9c 
9D 

1oc 
10D 
11c 
1 1 D  
12c 
12D 
13C 
13D 
14C 
14D 
15C 
15D 
16C 
16D 
17C 
17D 
lac 
18D 
19c 
19D 

S t a r t  
Watts 

-11.5 
- 14 e 25 
- 6.00 
-11.00 
- 5.00 
- 9.75 
- 4.00 
- 8.75 
- 3.75 
- 8.50 
- 3.50 
- 8-50 
- 3.50 
- 8.50 
- 3.50 
- 8.25 
- 3.50 
- 8.25 
- 3-50 
- 8.25 
- 3.50 
- 8.25 
- 3.75 
- 8.50 
- 3.75 
- 8.50 
- 3.75 
- 8.50 
- 3.90 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- $e50 
- 4.00 

End 
Watts 

-14.25 
- 6.00 
-11.00 
- 5.00 
- 9.75 
- 4.00 
- 8.75 
- 3.75 
- 8.50 
- 3.50 
- 8.50 
- 3.50 
- 8-50 
- 3.50 
- 8.25 
- 3.50 
- 8.25 
- 3.50 
- 8e25 
- 3.50 
- 8.25 
- 3.75 
- 8-50 
- 3.75 
- 8-50 
- 3.75 
- 8e50 
- 3.90 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8e50 
- 4.00 
- 8e50 
- 4.00 
- 8.50 

Difference 
Watts 

2.50 

+5 .OO 
-6.00 
1-4.75 
-5.75 
t4.75 
-5.00 
+4.75 
-5.00 
+5 e 00 

-1-5 .OO 
-5.00 
+4.75 
-4 * 75 
t4 e 75 
-4.75 
+4.75 
-4 e 75 
+4.75 
-4.75 
+4 8 75 
-4 a 75 
+4 e 75 
-4.75 
i-4 * 75 
-4 e 40 
+4 60 

+4.50 

+4 e 50 

+4 a 50 

+4 e 50 

-8.25 

-5.00 

-4 0 50 

-4 e 50 

-4 50 

-4 I 50 

Peak Watts a t  
- % of Charge 

-4.75 a t  73% 

-3.75 a t  73% 

-3.75 a t  80% 

-3.25 a t  85% 

-3.25 a t  85% 

-3.25 a t  85s 

-3.25 a t  85% 

-3.50 a t  85% 

-3.50 a t  85% 

-3.50 a t  85% 

-3.75 a t  85% 

-3,75 a t  85% 

-3.75 a t  85% 

-3.90 a t  85% 

-4.00 a t  85% 

-4,OO a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

Minimum Cell  
Vo 1 tage 

1.21 

1.20 

1.20 

1.20 

1.20 

1.20 

1.20 

1.19 

1.175 

1.175 

1 e 175 

1 175 

1.175 

1.175 

1 175 

1.175 

1.176 

1 e 175 

Voltage L i m i t  
a t  $ Charge 

76 

80 

83 

83 

83 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 
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TABLE 2. (Continued) 

Heat Flow 

Cycle 

20c 
20D 
21c 
2 1 D  
22c 
22D 
23C 
23D 
24C 
24D 
25C 
25D 
26C 
26D 
27C 
2 7D 
28C 
28D 
29C 
29D 
30C 
30D 
31C 
3 1 D  
32C 
32D 
3 3c 
3 3D 
34c 
34D 
35c 
35D 
3 6C 
3 6D 
3 7c 
3 7D 
38C 
38D 

S t a r t  End 
Watts Watts 

- 8-50 - 3.75 
- 3-75 - 8.25 
- 8.25 - 3.75 

- 8.25 - 4.00 
- 4.00 - 8.75 
- 8.75 -* 

- 3.75 - 8.25 

( -)* - 8.50 
- 8.50 
- 4.00 
- 8.50 -* 

- 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8e50 
- 4.00 

- 4.00 
- 8-50 -* 

- 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 
- 4.00 
- 8.50 

Difference 
Watts 

-4.75 
+4 D 75 
-4 e 50 
-t4.50 
-4 e 25 
+4.75 

- 
-4.50 
-1-4 e 50 

- 
c4.50 

+4.50 

+4 50 

i-4 e 50 

+4.50 

+4 e 50 

+4 e 50 

+4 50 

+4 a 50 

+4 I) 50 

+4.50 

+4 50 

1-4 50 

-4.50 

-4.50 

-4.50 

-4 e 50 

-4 e 50 

-4 e 50 

-4 e 50 

-4 e 50 

-4.50 

-4 e 50 

-4 e 50 

-4 e 50 

Peak Watts a t  
- % of Charge 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

M i n i m u m  Cell 
Vo 1 tage 

1 a 175 

1 e 175 

1 e 175 

1 e 175 

1.17 

1.17 

1.17 

1.17 

1.17 

1 ,17  

1.17 

1.17 

1.17 

1.17 

1.17 

1.17 

1.17 

1.17 

11.17 

Voltage L i m i t  
a t  % Charge 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 

86 
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TABLE: 2e (Concluded) 

Heat Flow 

Cyc 1 e 

39c 
39D 
40C 
40D 
41C 
4 1 D  
42C 
42D 
43c 
43D 
44c 
44D 
45c 
45D 
46C 
46D 
4 7c 
47D 
48C 
48D 
49c 
49D 
50C 
50D 

S t a r t  
Watts 

- 4.25 
- 8.50 
- 4.25 
- 8.50 
- 4.25 
- 8.50 
- 4.25 
- 8.50 
- 4.25 
- 8.50 
- 4.25 
- 8.50 
- 4.25 
- 8.50 
- 4.25 
- 8.50 
- 4.25 
- 8.50 
- 4.25 
- 8.50 
- 4.25 
- 8.50 
- 4.00 
- 8.25 

End 
Watts 

- 8-50 
- 4.25 

- 4.25 
- 8.50 

- 8.50 
- 4-25  
- 8.50 
- 4.25 

- 4.25 
- 8.50 

- 8.50 
- 4.25 
- 8.50 
- 4.25 
- 8.50 
- 4.25 
- 8-50 
- 4.25 

- 4.25 
- 8.50 
- 4.00 
- 8.25 
- 4.00 

- 8.50 

Difference 
Watts 

-4 e 25 
+4 a 25 

1-4.25 

t4.25 

+4 a 25 

-t4.25 

+4 e 25 

4-4.25 

-t4 e 25 

-1-4.25 

h4.25 

+4.50 

+4  25 

-4 e 25 

-4 e 25 

-4.25 

-4.25 

-4 a 25 

-4.25 

-4 e 25 

-4 25 

-4.25 

-4 25 

-4 25 

Peak Watts a t  
- % of Charge 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

-4.00 a t  85% 

*( ) - i nd ica t e s  anomalous da t a  poin t ,  

Minimurn Cel l  
Vo 1 tage 

1.17 

1.17 

1.17 

1.17 

1.17 

1.17 

1.17 

1.17 

1.17 

1.17 

1.17 

1,17 

Vo 1 tage Lin i i  t 
a t  % Charge 

86 

86 

86 

86 

89 

89 

89 

89 

89 

89 

89 

89 
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about 80% of the charge cycle for the first four cycles increasing to 

90-95% of the charge cycle after 10 cycles. For the remainder of the 

cycle, the cell heat exchange either remains constant or  becomes no more 

than 0.25 watts more exothermic. The total thermal fluctuation for one 

complete cycle changed during the progression of cycles from 4.75 watts 

near the beginning to 4.25 watts f o r  the final 12 cycles. After com- 

pleting the cycling, the quiescent cell took 12 hours to return to the 

original baseline. 

Voltage Effects. The cell voltage during charge was limited to 1.48 volts. 

The portion of the charge cycle completed before voltage cutoff increased 

gradually from an initial 76% to 89%. The voltage at the end of discharge 

fell gradually from 1.21 to 1.17 volts. No voltage abnormalities were ob- 

served. The signal electrode voltages were recorded but provided no direct corre- 

lation with pressure measurements made on smaller cells. 

the signal electrode read 630 mv. During the cycling, the signal electrode vol- 

tage remained between 625-630 mv at end of charge and slowly dropped to 550 mv 

at end of discharge. The signal electrode developed a 9-10 mv jump during the 

course of the charge which occurred progressively at 0 to 89% of charging time 

After initial charge, 

as the number of cycles increased. The signal electrode voltage also 
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developed from two to four small steps during discharge. These steps, al- 

though not reproducible with each cycle, are believed due to the cell and 

not the instrumentation. The gradual increase of the signal electrode 

voltage from 530 mv to 630 mv over a seven hour period during the equili- 

bration of the cell at the end of the test is an indication of the slow- 

ness of response of the signal electrode to processes taking place in the 

cell. 

After completion of the test, the calorimeter was opened up and the cell 

was observed to puff slightly indicating an internal pressure. 

Twenty Ampere Cell 

The twenty ampere hour cell was manufactured by Gulton Industries and mea- 

sured 6 . 5  by 3 . 0  by 1.0 inches thick. The cell was conditioned prior to 

being installed in the calorimeter by charging it for 16 hours at 2 am- 

peres (C/lO) followed by discharge at 10 amperes (C/2) to 0.97  volts. 

The cell voltage at the end of charge was 1.448 volts. The cell was 

clamped between steel plates during the conditioning process to prevent 

distortion caused by internal gas generation. 
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Prepara t ion  f o r  Cycling. 

connected t o  the e lec t rodes  by s h o r t  leiigtlis of #12 s o l i d  copper wire  which 

The c e l l  was placed i n  the  c e l l  support  t r a y  and 

were soldered t o  the c e l l  terminals  and bo l t ed  t o  t h e  e l ec t rodes .  The connec- 

t o r  wire s i z e  was s e l e c t e d  s o  t h a t  t he  t o t a l  hea t  generated i n  these  leads 

during maximum cur ren t  f low i s  l e s s  than 0.05 w a t t s .  The ca lor imeter  was  

p ressur ized  t o  52 p s i  t o  compensate f o r  any gas pressure  which might be genc 

r a t e d  i n t e r n a l l y .  

amperes f o r  16 liours, followed by discharge f o r  30 minukes a t  10 amperes (C,’!*).  

The c e l l  w a s  again conditioned by a 50% overcharge of 2 

The c e l l  became 0.06 w a t t s  endothermic during tlie f i r s t  12 hours  of 

charging ( t o  12% overcharge) ,  but  began r e l e a s i n g  l ieat  a t  t h a t  time and 

by the end of tlie cliarging cycle  was r e l e a s i n g  h e a t  a t  a 1.5 w a t t  r a t e .  

The i n i t i a l  discharge c u r r e n t  of 10 amperes r e s u l t e d  i n  an increased hea t  

r e l e a s e  of 0.68 w a t t s .  

f o r  60 minutes followed by discharge at, 10 amperes f o r  30 minutes. This 

The c e l l  was  then cycled by charging a t  5.75 amps 

w a s  repeated f o r  47 cyc le s .  The thermal e f f e c t s ,  c e l l  vo l tage ,  and cu r ren t  

were recorded cont inuously.  The d a t a  obtained a r e  tabula ted  i n  Table 3 .  

A t y p i c a l  example of t h e  thermal e fPec ts  accompanying the cycl ing i s  slzown 

i n  F ig .  19. During charging, the  c e l l  is  endothermic f o r  about 65-705 of 

t he  cycle  and then i n v e r t s  thermally and becomes r a p i d l y  more exothermic 

as the charging cyc le  cont inues.  About two cyc les  a r e  requi red  f o r  t h e  

c e l l  t o  a d j u s t  thermally from the  charging process .  Af t e r  t h i s  time, 
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TABLE 3 

CYCLING OF 20 AI1 CELL 

Cycling Conditions: Discharge 30 min a t  10 amps t o  25% depth; 
recharge 60 min a t  5.75 amps t o  115%; 
recharge vol tage upper limit of 1.48 v o l t s .  

.!&EL% 

1 D  
2c 
2D 
3c 
3D 
4c 
4D 
5c 
5D 
6C 
6D 
7c 
7D 
8 C  
8 D  
9c 
9D 

10c 
1 OD 
11c 
1 1 D  
12c 
12D 
13C 
1 3 D  
14C 
14D 
15C 
15D 
16C 
16D 
17C 
17D 

* (  

Heat Flow 

S t a r t  
Watts 

- 1.375 
- 2.06 
- 1.03 
- 1.906 
- 0.81 
- 1.81 
- 0.81 
- 1.81 
- 0.81 
- 1.75 
- 0.81 
- 1.81 
- 0.93 
- 1.87 
- 1.00 
- 1.75 
- 0.81 
- 1.75 
- 0.81 
- 1.68 
- 0.81 
- 1.66 
- 0.81 
- 1.81 
'- 1-00 
- 1.68 
- 0.94 
- 1.75 
- 1,oo 
- 1.65 
- 1.12 
- 1.75 
- 1.12 

End 
Watts -- 

- 2.06 
- 1.03 
- 1.906 
- 0.81 
- 1.84 
- 0.81 
- 1.81 
- 0.81 
- 1.75 
- 0.81 
- 1.81 
- 0.93 
- 1.87 
- 1.00 
- 1.75 
- 0.81 
- 1.75 
- 0.81 
- 1.68 
- 0.81 
- 1.66 
- 0.81 
- 1.84 
- 1.00 
- 1.68 
- 0.94 
- 1.75 
- 1.00 
- 1.65 
- 1.12 
- 1.75 

( -  2.03) 
- 1.12 * 

Difference 
Watts 

+ 0.68 
- 1.03 
+ 0.88 
- 1.10 
+ 1.03 
- 1.03 
+ 1.00 
- 1.00 
+ 0.94 
- 0.94 
+ 1.00 
- 0.88 
+ 0.94 
- 0.87 
+ 0.75 
- 0.94 
+ 0.94 
- 0.94 
+ 0.87 
- 0.87 
+ 0.85 
- 0.85 
+ 1.00 
- 0.81 
+ 0,68 
- 0.74 
+ 0.81 
- 0.75 
+ 0.65 
- 0.53 
+ 0.63 
- 0.63 

Peak a t  $ Minimum Cell  
.- of Charge Voltage - 

2.22 a t  50 

1.48 a t  73 

1.87 a t  65 

1.81 a t  73 

1.81 a t  65 

1.81 a t  65 

1.90 a t  73 

1.84 a t  65 

1.88 a t  65 

1.77 a t  70 

1.63 a t  70 

1.89 a t  65 

1.77 a t  70 

1,84 a t  73 

1.62 a t  68 

1.69 a t  60-70 

) indicated anomalous d a t a  point .  
R-84 68 
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1.235 

1.235 

1.235 

1.23 

1.225 

1.225 

1.225 

1 e 225 

1.225 

1.225 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

Vo 1 tage L i m i t  
a t  % Charge - 

83 

86 

86 

86 

86 

86 

86 

88 

86 

86 

86 

86 

86 

86 

86 

90 



TABLE 3 (Continued) 

Cyc 1 e 

1 8 C  
18D 
19c 
19D 
20c 
20D 
2 1c 
2 1 D  
22c 
22D 
23C 
23D 
24C 
24D 
25C 
23D 
26C 
2 6D 
27C 
2 7D 
2 8 C  
28D 
296 
2 9D 
30C 
30D 
3 1 C  
3 1 D  
32c 
32D 
33c 
3 3D 
34c 
34D 
35c 
35D 
3dC 
36D 
3 7c 
3 7D 

- Heat Flow 

S t a r t  End Difference Peak a t  % Minimum Cell  Voltage L i m i t  
Watts of  Charge Voltage a t  - Charge Watts Watts - -- -- 

LN Supply Fa i l ed  
LN Supply Fa i l ed  
LW Supply Fa i l ed  
LN2 Supply Fa i l ed  
LW Supply Fa i l ed  
- 8.72 - 1.53 
- 1.53 - 0.75 
- 0.75 - 1.59 
- 1.59 - 0.75 
.- 0.75 - 1.75 
- 1.75 - 1.00 
LN Supply Fa i l ed  
LN Supply Fa i l ed  
LN2 Supply Fa i l ed  
LN2 Supply Fa i l ed  
LN2 Supply Fa i l ed  
LN2 Supply Fa i l ed  
LN2 Supply Fa i l ed  
LN2 Supply Fa i l ed  
LN2 Supply Fa i l ed  
LN2 Supply Fa i l ed  
LN Supply Fa i l ed  
LN Supply Fa i l ed  
LN2 Supply Fa i l ed  
LN Supply Fa i l ed  
IN2 Supply Fa i l ed  
- ?-62  - 0.88 

2 
2 
2 

2 
2 

2 
2 

- 0.88 - 1.78 
- 1.78 - 0.94 
- 0.94 - 1.78 
- 1.78 - 0.81 
- 0.81 - 1.68 
- 1.68 - 0.75 
- 0.75 - le68 
- 1.68 - 0.63 
- 0.63 - 1.69 
- 1.69 - 0.94 
- 0.94 - 1.78 
- le78 - 0.88 
- O e 8 8  - 1.75 

1.69 a t  60-70 

1.69 a t  60-70 

1.69 a t  60-70 
+ 0.81 
- 0.78 1.74 a t  60-70 
+ 0.84 
- 0.84 1.71 a t  70 
3- 1.00 
- 0.75 1.66 a t  65-70 

1.66 a t  65-70 

1.66 a t  65-70 

1.66 a t  65-70 

1.66 a t  65-70 

1.66 a t  65-70 

1,66 a t  65-70 

1.66 a t  65-70 

- 0.74 1.66 a t  65-70 
+ 0.90 - 0.84 1-72 a t  60-70 
+ 0.84 
- 0,87 1,81 a t  60-70 
+ 0.87 
+ 0.93 1.70 a t  60-70 
- 0.93 
+ 1.05 1.72 a t  60-70 
- 1.05 
+ 0.75 1.69 a t  60-70 
- 0*84 
+ 0,90 1.84 a t  60-70 - 0.87 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1,22 

1.22 

1.22 

1.22 

1.22 

86 

86 

90 

90 

90 

90 

90 

99 

90 

90 

90 

90 

90 

93 

90 

90 

90 

90 

90 

93 
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TABLE 3.  (Concluded) 

IIea t Flow 

Cyc 1 e 

38C 
38D 
39c 
39D 
40C 
40D 
41C 
41D 
42c 
42D 
4 3c 
43D 
44C 
44D 
45c 
45D 
46C 
46D 
4 7c 

S t a r t  
Watts --- 

- 1.75 
- 0.81 
- 1.73 
- 0.81 
- 1.72 
- 0.94 
- 1.69 
- 0.75 
- 1.63 
- 0.81 
- 1.69 

- 1.69 
- O e 8 1  
- 1.69 
- 0.69 
- 1.75 
- 0.94 
- 1.63 

- 0.69 

End 
Watts 

- 0 -8.1 - 1.75 
- 0.81 
- 1.72 
- 0.94 
- 1-69  
+ 0.75 
- 1.63 
- 0.81 
- 1.69 
- 0.69 
- 1.69 
- 0.81 
- 1.69 
- 0.69 
- 1.75 
- 9.94 
- 1.63 
- 0.75 

Difference 
Watts -- 

+ 0.94 
- 0.94 
+ 0.94 
- 0.91 
+ 0.78 
- 0.75 
+ 0.94 
- 0.88 
+ 0.82 
- 0.88 
+ 1.00 
- 1.00 
+ 0.88 
- 0.88 
+ 1.00 
- 1.06 
+ 0.81 

+ 0.88 
- Oe69 

Peak a t  $ Minimum Cell  
- o f C liar g e Vo 1 tage - 

1.78 a t  60-70 

1.78 a t  60-70 

1.81 a t  60-70 

1.80 a t  60-70 

1.72 a t  60-70 

1.72 a t  60-70 

1.81 a t  60-70 

1.74 a t  60-70 

1.84 a t  60-70 

1.74 a t  60-70 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

Vo 1 tage L i m i  t 
- a t  $I Charge 

93 

93 

93 

93 

93 

93 

93 

93 

93 

93 
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the  peak hea t  r e l e a s e  during discharge averaged 1.72 2 0.05 w a t t s .  

peak hea t  absorp t ion  averaged 0.05 w a t t s .  The sum of these  va lues ,  averaged 

f o r  each cyc le ,  i nd ica t e s  a thernial f l u c t u a t i o n  of about 1.77 f: 0.06 w a t t s  

dur ing a t y p i c a l  cyc le .  

The 

Voltage E f f e c t s .  The c e l l  vo l tage  during charge was  l imi ted  t o  1.48 vol t s .  

The charging cu r ren t  w a s  au tomat ica l ly  c u t  back t o  maintain t h i s  vo l tage .  

Voltage s a t u r a t i o n  w a s  reached during each charge cycle  a The percentage 

of the  charge cycle  requi red  before  s a t u r a t i o n  increased monatomically 

from 83% t o  93% from t h e  second through the  for ty-seventh cyc le .  

mum vol tage  during discharge dropped gradual ly  from 1.235 t o  1.21 v o l t s  

during the  cycl ing.  

The mini- 
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APPENDIX A 

ALIGNMENT PROCEDURE FOR WATTMETER 
(See Figure 14) 

Preparation_ 

Disconnect the jumper between terminals 3 ,  4, and 5 on the strip at the 

rear of the chassis. Obtain an oscillator capable of supplying 10 volts- 

peak (20 volts peak-to-peak) at 10 IIz, a d-c voltmeter with resolution 

to 5 digits, a meter capable of reading 10 cps a-c in millivolt levels 

(absolute accuracy is not important), and a stable (0,05%),voltage (d-c ) 

supply (0-75 vdc) . 

Procedure 

1. Connect terminals 4 and 5 to 2 or 8 (common). Connect d-c meter (+) 

Adjust R17 for zero output at ter- to terminal 6 ,  (-) to terminal 8. 

minal 6. Disconnect terminals 4 and 5 from common. 

2.  Connect oscillator to terminal 4 and connect terminal 5 to common (ter- 

minal 2 o r  8). 

meter t o  terminal 6 .  Adjust R15 f o r  minimum reading. Disconnect ter- 

minal 5 from common. 

Set oscillator to 20 V.P-P. at 10 Hz. Connect a-c 
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3 .  Connect o s c i l l a t o r  t o  terminal 5 arid terminal 4 t o  common. Adjust  R16 

f o r  minimum output  a t  terminal 6 .  Disconnect terminal  4 from common. 

4 .  Restore jumper between terminals  4 and 5. Connect 10 v o l t s  t o  t e r -  

minals 4 and 5 (as read on the d-c vol tmeter) .  Connect d-c meter 

(+) t o  terminal  6 ,  ( - )  t o  terminal  8. Adjust  R14 f o r  reading of 10 

v o l t s  on terminal  6 .  

5.  Connect dbc meter (+) t o  terminal  9 ,  ( - )  lead t o  terminal  8. Connect 

terminals  4 and 5 t o  terminal  8. 

m i r i a l  9. 

Adjus tR19 t o  ob ta in  zero a t  t e r -  

(Be sure  o f f s e t  con t ro l  i s  a t  zero s e t t i n g  f o r  t l i i s  s t ep . )  

6. Connect terminal  1 t o  terminal 2 .  Restore  t h e  jumper between terminals  

3 and 4.  

minal 2 .  Adjust  R20 f o r  zero reading at. terminal  3 .  Check readout  

meter (Dig i l i n )  f o r  zero reading.  

t h i s  s t e p .  

Connect t he  d-c vol tmeter  (+) t o  terminal  3 and ( - )  t o  t e r -  

Range switch i s  on 5 w a t t  s c a l e  f o r  

7 .  S e t  range switch t o  50 w a t t s .  Remove connection between terminal  1 

and terminal  2. Connect the  vol tage  source t o  terminals  1 and 2 ;  (+) 

t o  1 and ( - )  t o  2 .  S e t  vo l t age  leve l  t o  70,711. Adjust  R 8  f o r  a 

reading of 10 v o l t s  a t  terrrririal 3 .  Check D i g i l i n  meter € o r  50.0 
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r ead ing ;  i f  t h i s  is  d i f f e r e n t  by more than 2 d i g i t s  check vol tage  a t  

terrninal 6 f o r  10 v o l t s  and terminal 9 f o r  5 v o l t s .  I f  these  a r e  

c o r r e c t ,  a d j u s t  t he  D i g i l i n  meter f o r  50.0 ( t h e  adjustment i s  a s m a l l  

screw i n  lower l e f t  corner of the  bezel on t h e  meter f ace  i n  the  

s l o t  which runs across  the bottom of t he  beze l . )  

8.  Adjust t he  vo l t age  source t o  50.0 v o l t s  (25 w a t t s ) .  

switch t o  25 w a t t  range. Adjust R6 t o  10 v o l t s  a t  terminal 3 .  Check 

reading of 2 5 . 0  on the  D i g i l i n  meter. 

Change range 

9.  Change range switch t o  t he  5 w a t t  range. Adjust the vo l t age  source 

t o  22.361 v o l t s .  Adjust  R4 f o r  reading of 10 vol t s  on terminal 3 .  
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APPENDIX B 

PASSTHROUGH TERMINAL WIRING IDENTIFICATION 

BENDIX RD 414-1009-0063 
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APPENDIX D 

RELAY RACK INPUT PANEL WIRING CODE AT NASA-GODDARD 

P1 Ampheno 1 67-02E14-12-S 

Connector Pin 

A 
B 

C 
D 

E 
F 

I1 
J 

K 
L 

C o l o r  Code Connected To  

Heater cu r ren t  supply + 
Heater c u r r e n t  supply - 
Cal ib ra t ion  c u r r e n t  supply + 
Cal ib ra t ion  c u r r e n t  supply - 

Brown Twisted p a i r s  Black 

Red Twisted p a i r s  Black 

Wattmeter input  + Orange Tw i s t e d  p a i r s  Black Wattmeter input  - 

Green N o t  us ed 
Twisted p a i r s  Not used Black 
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APPENDIX D (Concluded) 

- Amphenol 67-02E14-12-S p2 

Connector 
Pin 

A 
B 
C 
D 

E 
F 

H 
J 
K 
L 

M 
N 

C o l o r  Code 

Brown 
Black 

Red 
Black 
Orange 
Black 

Red 
Green 
Green 
Black 
Blue 
Black 

P3 - hphenol 126-192 panel mount 

Connector 
Pin --- 
A 
B 

C 
D 

E 

F 

Color Code 

Brown 

Black 

Red 
Black 

Orange 

Black 

Connected To 

Thermocouple switch + position 1 
Thermocouple switch - position 1 
Thermocouple switch + position 2 
Thermocouple switch - position 2 
Thermocouple switch position + 3 
Thermocouple switch position - 3 

Wheats tone bridge 
Wheats tone bridge 

Pressure transducer control unit 
Pressure transducer control unit 

Pressure transducer control unit 
Psessure transducer control unit 

Connected T o  

Strain gage 

Strain gage 

Strain gage 

Strain gage 

Adhydrode + 

Adhydrode - 

R-8468 
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